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I.  IntrodTiotion. 

It  is  thought  that  the  results  of  the  tests  which  form  the 
subject  of  this  thesis  will  he  valuable  as  well  as  interesting, 
since  reinforced  concrete  column  footings  are  coming  more  and 
more  into  general  use.      As  yet  no  standard  method  of  designing 
such  footings  has  been  recognized  by  engineers,  and  various 
assumptions  differing  with  the  individual  have  been  the  basia  of 
design;  but  a  footing,  as  well  as  any  other  structure,  dsirlgned 
on  assumptions  not  verified  by  tests  will  rarely  give  economy 
consistent  with  the  service  required. 

This,  then,  suggests  the  objects  of  the  three  series  of 
tests  on  square  concrete  footings,  which  were  inf-ugurate^  In 
1909  by  the  Engineering  Experiment  Station  of  the  Univci- -i  ty  of 
Illinois,  and  which,  so  far  as  is  known  to  the  writers,  are  the 
only  tests  that  have  been  undertaken  on  footings  of  this  type. 
At  that  time.  Dr.  IT.  C.  Hicker,  Professor  of  Architecture  in  the 
University  of  Illinois,  called  the  attention  of  those  in  charge 
of  the  work  of  the  Engineering  Experiment  Station  to  the  fact 
that  little  or  no  data  on  reinforced  concrete  column  footings  was 
available.      Whereupon,  Professor  A.U.  Talbot,  who  has  charge  of 
the  materials  testing  laboratory,  outlined  a  series  of  tests  that 
would  aid  in  determining  such  points  as  the  following: - 

(IJ     The  position  of  the  critical  section. 

(E)     The  best  ratio  of  length  of  side  to  depth. 

(3l     The  value  of  the  resisting  moment  developed  under  a 
given  load. 


(4*    The  distrilDiitioii  of  stresses  in  a  footing, 

(5)  The  width  of  footings  that  can  he  safely  assumed  to 
resist  the  bending  moment. 

(6)  Advantages  and  disadvantages  of  various  Irinds  and 
amounts  of  reinforcement  and  of  the  various  methods  of  placing  it. 

All  of  the  footings  tested  were  five  feet  square  with  a  plain 
concrete  pier  one  foot  square  and  one  foot  high  set  in  the  center. 
The  first  series,  which  was  tested  hy  Messrs.  ill  and  Sahrohsky 
in  1909  in  connection  with  their  thesis  for  the  degree  of    B.  S. 
in  Architectural  Engineering,  consisted  of  thirty-two  footings  of 
1     which  six  were  plain  and  twenty-six  reinforced.      The  footings  in 
i     this  series  were  of  different  depths  and  the  reinforcement  varied 
as  to  kind,  amount  and  disposition.      In  1910,  Messrs  Harris  and 
Richards  for  their  thesis  for  the  degree  of  B,  S.  in  Architectural 
Engineering,  tested  the  second  series  consisting  of  twenty-eight 
footings,  eight  of  v/hich  were  plain  and  twenty  of  which  were  rein- 
forced.     As  in  the  previous  series,  these  footings    varied  as  to 
depth  and  reinforcement . 

The  third  series  of  tests,  the  results  of  which  emhody  the 
main  part  of  this  thesis,  were  on  two  plain  and  eighteen  reinforced 
footings.      These  were  made  in  pairs  in  order  to  determine  how  con- 
sistent the  results  were  for  similar  footings.      In  this  series 
the  depth  to  the  steel  was  ten  inches  for  all  footings  and  the 
depth  over  all'was  twelve  inches.      The  reinforcement  in  all  cases 
was  placed  parallel  to  the  sides  of  the  footing  and  it  varied  as 
to  kind,  amount  and  spacing. 


In  drav/ing  their  conclusions,  the  writers  have  made  partial 
use  of  the  results  obtained  from  the  thesis  of  Messrs,  Hill  and 
Zahrohsky,  1909,  and  of  Messrs  Harris  and  Richards,  1910,  for  which 
acknowledgement  is  hereby  made. 
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II,  Theory. 

In  column  footing  de- 
sign the  load  is  considered 
to  be  applied  directly  to  the 

i 

footing  through  a  pier  or  a 
cast  iron  "base  plate  located 
at  the  center.      In  Figure  1, 
which  shows  the  plan  of  a 
square  footing,  the  pier  or 
plate  is  represented  hy 

j 

j    ABCD.      The  pressure  resist- 
I    ing  the  load  v/ill  be  the  up-  Pig.  1. 

ward  pressure,  considered 

uniformly  distributed,  v/hose  intensity  per  unit  of  area  of  base  is 
equivalent  to  the  total  superimposed  load  divided  by  the  area  of 
the  base.      From  these  assumptions  it  is  evident  that  the  footings 
may  be  considered  as  a  slab  supported  at  the  center  with  a  uni- 
formly distributed  load  acting  upward.      When  loaded, tie  projec- 
tions of  the  footing  tend  to  turn  up  about  the  faces  of  the  pier, 
forming  a  double  curved  surface.      The  faces  of  the  pier  then 
become  the  dangerous  or    critical  sections. 

Differeni.  methoais  have  been  proposed  for  calculating  the 
strength  of  column  footings.      In  some  cases  the  offsets  have  been 
considered  as  cantilever  beams  acting  the  entire  width  of  the 
footing  and  supported  at  the  face  of  the  pier.      In  other  cases 
the  footing  has  been  considered  as  being  divided  into  four  tri- 
angular cantilever  beams,  as  OHG,  Fig.  1,  each  tending  to  bend 


/ 
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atont  a  face  of  the  pier.      The  bending  moment  of  the  "beam  is  cal- 
culated for  one  quarter  of  the  load  on  the  footing  with  a  moment 
arm  equal  to  the  distance  from  the  faoe  of  the  pier  to  the  center 
of  gravity  of  the  triangle. 

In  the  present  series  of  tests,  the  footing  has  "been  con- 
sidered as  being  divided  into  four  cantilever  trapezoidal  beams, 
HDCG,  GCBF,  FBAE,  EADH,  Fig.  1,  each  supported  at  the  face  of  the 
pier,  and  about  which,  as  beams,  they  tend  to  bend.      The  load 
carried  by  each  of  the  cantilevers  is  equal  to  the  total  upward 
pressure  under  the  beam,  which  is 

{ a«c  +  2( 2  •  c)   )  w 

(  ac  ^-  c^)  w  (1] 

where  a«  width  of  square  pier  in  inches. 

cj^  length  of  projection  of  footing  in  inches, 
w  ^pressure  on  soil  in  lb.  per  sq.  in. 

In  order  to  provide  proper  reinforcement  to  resist  the  tensile 
stresses  developed,  the  moment  of  this  load  about  the  face  of  the 
pier  must  be  calculated.      To  obtain  the  center  of  the  pressures 
acting  on  the  beam  and,  from  it,  the  moment  arm,  a  knowledge  of 
the  distribution  of  the  stresses  within  the  footing  is  required. 
The  trapezoidal  beam,  EIXJG,  Fig.  1,  may  be  divided  into  three 
parts,  a  rectangle,  DCJK,  and  tv/o  triangles,  CGK  and  DHJ.  Due 
to  the  homogeneity  of  the  concrete,  it  is  very  evident  that  no 
sharp  lines  can  be  drav/n  which  accurately  divide  the  footing  into 
four  distinct  beams.      Consequently,  for  any  one  beam  all  the 
pressure  coming  on  that  beam  cannot  be  considered  as  being  carried 
to  any  one  pier  face.      From  their  location  it  is  evidsnt  that  the 
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rectangular  portions  of  the  trapezoidal  beams  carry  all  of  their 
load  to  the  adjacent  pier  face  and  that  they  tend  to  "bend  about 
that  face.      All  portions  of  the  footing  within  the  triangles  tend 
to  bend  about  the  two  adjacent  pier  faces  in  varying  degrees. 
From  a  study  of  numerous  tests  and  the  distribution  of  stresses  as 
shOT/n  by  these  tests.  Professor  A.  I,  Talbot  of  the  University  of 
Illinois  has  determined  that  the  point  of  resultant  pressure  on 
the  triangular  portion  of  the  beam  is  on  a  line  parallel  to  the 
face  of  the  pier  and  distant  from  it  0.573  times  the  projection,  c 
In  the  tests  under  consideration,  the  moment  arm  of  this  triangle 
will  be  taken  as  0.6c,  instead  of  0.573  c,  while  the  moment  arm 
of  the  rectangle  is  0.6  o.      The  moment  of  the  entire  "beam  then 
becomes, 

[a-o--§-  -tE(  §.C'  0.6c;  J  w 
B  ("2-  ♦  0.6  c^  )  w  (El 

On  account  of  the  shape  of  the  trapezoidal  beam  under  con- 
sideration, the  entire  width  of  the  footing  is  not  effective  in 
resisting  the  external  bending  moment  of  the  load.      The  width  of 
the  footing  effective  in  resisting  the  external  bending  moment 
varies  with  the  size  of  the  pier  or  plate,  depth  to  the  steel,  the 
width  of  the  projection  and  with  the  distribution  of  the  reinforce 
ment.      It  will  be  assumed  to  be  equal  to 

a  +  Ed  +  |{  1  -  a  -  2d)  (3) 

where  da  depth  to  steel  in  inches. 

1=  length  of  footing  in  inches. 

a=  width  of  pier  in  inches. 
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In  determining  the  resisting  moment  of  this  heara,  the  rein- 
foroement  within  the  effective  width  only  will  "be  considered. 
The  reinforcement  outside  the  effective  width  cannot  he  dispensed 
with,  as  it  is  used  to  carry  the  load  at  the  outer  edge  of  the 
footing  to  the  heam. 

The  resisting  moment  is  given  hy  the  formula 

Ms  Ajdf  (4) 

where  M  r  moment  in  pound  inches, 

A  r  area  of  steel  in  effective  width  in  square  inches, 
j  -  ratio  of  the  anm  of  the  resisting  couple  to  the  effec- 
tive depth,  see  Table  7. 

f  =  stress  in  steel  in  lb.  per  sq.  in. 
d  z  depth  to  steel  in  inches. 

In  order  to  obtain  the  full  value  of  the  reinforcement, 
sufficient  bond  stress  must  be  developed.      In  obtaining  the  bond 
stress  only  the  steel  in  the  effective  width  and  the  load  on  the 
trapezoidal  beam  will  be  considered.      The  bond  stress  is  then 
given  by  the  formula 

m  0  j  d 

where  u  z  bond  stress  in  lb.  per  sq.  in. 

m  r  number  of  reinforcing  rods  within  the  effective  width 
of  the  beam. 

0  a  perimeter  of  one  bar  in  inches. 

V  =  vertical  shear  at  the  face  of  the  pier  in  pounds. 
And  the  other  terras  as  stated  before. 

The  vertical  shear  at  the  face  of  the  pier  is 

1/4  (1^-  a^)  w,  or  (  ac  t  c^)  w  {&) 


The  bond  stress  is  greatest  at  the  point  of  support  or  at 
the  face  of  the  pier.      The  stress  developed  at  this  seotion  is 
greater  than  at  a  seotion  near  the  ends  of  the  hars  and  conse- 
quently is  ahove  the  average. 

In  measuring  the  resistance  to    diagonal  tension  the  prac- 
tice used  in  "beains  may  be  followed  and  the  vertical  shearing 
stress  developed  at  the  critical  section  may  be  taken  as  a  measure 
of  the  intensity  of  the  diagonal  tension.        In  as  much  as 
footings  which  have  failed 
by  diagonal  tension  have  de- 
veloped fractures  at  an  angle 
of  45"  with  the  vertical,  it  is 
reasonable  to  assume  as  the 
critical  section,  a  seotion 
distant  d  from  the  face  of  the 
pier,  as  shown  in  Fig.  2. 
This  is  the  section  which  has 
such  a  distribution  of  shear- 
ing stresses  as  to  produce 
maximum  diagonal  tensile 
stresses. 

The  vertical  unit  shear- 
ing stress  is  given  by  the 
formula 


Fig.  E. 


V  =  -   

4Uf2d)  jd 


(7) 


where  Y  ::  the  vertical  shear  at  the  section  in  pounds  and  the 
other  terms  are  as  previously  stated. 


The  vertical  shear  may  "be  oonsidered  as  that  part  of  the  load 
on  the  outside  of  the  section  af=!sumed.      It  is  equal  to 


The  direct  shear  or  the  shear  due  to  the  tendency  of  the 

pier  to  punch  through  the  footing  is  given  by  the  formula 

^,  .    (l2-a^)w  f9 

»n     —    —  —  —  -  —  —  —  —  — —  ,        ,        ,        ,        ,        ,        ,        ,        ,  ^ 

4  a  d 

where  Vd  is  the  direct  shear  in  lb.  per  sq.  in.,  and  the  other 
terras  are  as  before  stated. 

The  modulus  of  rupture  for  plain  concrete  footings  was  cal- 
culated from  the  formula 


M  =  moment  of  load  on  the  cantilever  beam  in  inch  pounds. 
I  =  moment  of  inertia  of  critical  section  at  the  face  of 


the  pier. 

c  =  depth  to  the  extreme  fibre  from  neutral  axis  in  inches. 


(81 


where  s 


jjjodulus  of  rupture  in  lb.  per  sq.  in. 
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III.    Materials  and  Test  Pieces. 

The  materials  used  in  the  fabrication  of  the  column  footings 
were  obtained  in  the  open  market,  and  hence  were  such  as  would  "be 
used  in  the  ordinary  concrete  construction.      The  cement  was  do- 
nated by  the  Universal  Portland  Cement  Co.,  the  sand  and  stone 
was  obtained  in  the  open  market  and  the  mild  steel  bars  77ere  fur- 
nished by  the  Illinois  Steel  Co.      The  corrugated  bars  used  in 
four  of  the  footings  were  supplied  by  the  Corrugated  Bar  Co.,  of 
St.  Louis,  Mo. 
Stone. 

The  stone  used  was  crushed  limestone  from  quarries  at 
Kankakee,  Illinois,  ordered  screened  through  a  1  inch  screen  and 
over  a  1/4  inch  screen.      It  contained  from  45  to  bofo  voids  and 
weighed  about  80  lb. per  cu.  ft.      Table  1  gives  the  average  re- 
sults of  the  mechanical  analysis  of  the  stone  as  determined  by 
several  tests 

Table  1.    Mechanical  Analysis  of  Stone. 
Size  of  Mesh.  Per  cent  Passing. 

3/4  in.  95.17 
1/2  in.  58.95 
3/8  in.  35.15 
1/3  in.  18.86 
1/5  in.  4.13 
1/10  in.  2.74 

Sand. 

The  properties  of  the  sand  used  were  such  as  would  be  re- 
quired for  the  sand  used  in  good  concrete  construction;  it  was 


clean,  sharp,  and  well  graded.      It  contained  about  28%  voids  and 

weighed  from  100  Ih.  to  105  lb.  per  cu.  ft.      The  average  results 

of  the  mechanical  analysis  of  the  sand  are  given  in  table  2. 

Table  2.    Mechanical  Analysis  of  Sand. 

Sieve  Ho.  Per  03nt 

(meshes  to  the  inch)  Tat  ding. 


4 

99 .55 

e 
O 

98.43 

10 

84.16 

12 

78.04 

16 

71.54 

18 

59.17 

30 

32.96 

40 

19.78 

50 

8.58 

74 

3.90 

150 

.91 

Oement . 

The  cement  was  furnished  by  the  Universal  Portland 

Cement  Company.      Table  3  shows  the  results  of  tension  tests  made 

one 

on  standard  briquet ts  of^ square  inch  cross  sectional  area. 

Table  3.    Tensile  Tests  of  Cement. 
(Each  value  is  the  average  of  five  tests) 

Sample.  7  Days  Old.  28  Days  Old. 


Heat. 

1  to  3. 

Heat . 

1  to  3. 

1 

589 

198 

674 

278 

2 

684 

227 

709 

283 

3 

653 

240 

731 

319 

12. 

Steel. 

The  reinforcement  consisted  of  plain  "bars  of  mild  steel  and 
of  corrugated  bars  of  high  carbon  steel.      These  varied  in  diam- 
eter from  3/8  inch  to  5/8  inch.      The  average  yield  point  for  the 
plain  bars  was  found  by  tests  made  in  1910  to  be  about  38100  lb. 
per  square  inch.      The  high  carbon  corrugated  bars  had  a  yield 
point  of  about  550aQ  li*.  ^cx  square  inch  as  determined  by  tests 
made  on  several  bars. 
Concrete. 

The  concrete  v/as  mixed  on  the  floor  of  the  laboratory  by 
men  experienced  in  this  kind  of  work.      The  cement  and  sand  were 
first  mixed  until  a  uniform  color  was  obtained,  then  the  stone 
was  added  and  the  whole  mass  turned  several  times.      Enough  water 
was  addrd  to  give  a  fairly  wet  concrete.      The  proportions  used 
were  1:2:4  by  weight.      From  each  batch  there  were  made,  in  addition 
to  the  test  piece,  three  six  inch  cubes  and  one  control  beam.  The 
cubes  were  subsequently  tested  for  compressive  strength,  the  re- 
sults of  the  tests  appearing  in  table  4.      The  control  beams  were 
tested  by  Mr.  W.  A.  Landor  in  connection  with  his  thesis  for  the 
degree  of  B.  S,  in  Civil  Engineering,  and  the  writers  are  in- 
debted to  him  for  the  results  which  appear  in  table  5.        A  test 
made  on  cylinder  lo.  1801  showed  the  modulu<^:  of  elasticity  of  the 
concrete  to  be  2160000  lb.  per  sq.  in.     (See  graph  on  page  13] 
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IV.    Apparatus  and  Methods  of  Testing. 

On  account  of  the  large  size  of  the  test  pieces,  it  was 
necessary  to  constrnot  a  special  machine  in  which  to  test  them. 
The  footing  v/as  placed  on  a  hed  of  springs  resting  on  two  10  inch 
25  lb.  and  eleven  10  inch  20  lb.  I-beams,  about  7 '-6"  long,  placed 
side  by  side  with  the  edges  of  the  flanges  touching.  See  Fig.  3. 
page  15.     Transversely,  under  the  10  inch  I-beams  and  near  their 
ends,  were  placed  two  12  inch,  55  lb.  I-beams,  about  5'-  6"  long. 
Under  each  of  these  IE  inch  I-beams  a  heavy  cast  iron  block  was 
placed,  through  which  ran  four  1-1/2  inch  round  rods  to  a  similar 
block  in  the  upper  part  of  the  machine.      The  hydraulic  jacks  by 
which  the  load  was  applied  were  placed  between  the  upper  blocks 
and  a  24  inch,  100  lb.  I-beam.      A  spherical  bearing  block  was 
inserted  between  a  cast  iron  block  bedded  in  plaster  of  paris  on 
the  pier  of  the  footing  and  a  cast  iron  block  attached  to  the 
24  inch  I-beam  .       The  entire  machine  rested  on  concrete  blocks 
on  the  floor  of  the  Cement  Laboratory,  while  the  pumps  operating 
the  hydraulic  jacks  were  placed  on  a  platform  nearby.      For  a 
general  viev;  of  the  apparatus,  see  the  photographs  on  pages  17  &  18. 

In  order  to  obtain  a  uniform  distribution  of  the  load  and  to 
approximate  the  action  of  the  soil,  the  load  was  applied  to  the 
footing  while  resting  on  a  bed  of  161  spiral  car  springs,  ground 
to  a  uniform  length  of  12  inches.        161  springs  were  used  in  all 
tests  except  for  the  test  of  footing  ITo.  1802,  when  but  113  were 
used. 
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Fig.  3.    Diagram  of  Testing  Apparatus. 


a 
b 
c 

d 
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footing, 
car  springs. 
10  in.  I-beams. 
12  in.  55  lb.  I-bearas. 
cast  iron  blocks. 


f  -  l-l/S  in.  round  rods, 
g  =  hydraulic  jacks, 
h  =  24  in.  100  lb.  I-beam, 
i  =  spherical  bearing  block, 
j  =  cast  iron  bearing  block, 
k  «  concrete  blocks. 
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Fig.  4. 


The  general  arrangement  of 
the  161  springs  is  shoym  hy  Fig. 
4.      Each  of  the  springs  was 
capable  of  taking  a  load  of  2000 
lb.  before  closing  up.      The  load 
was  usually  applied  in  20000  lb. 
increments.      After  the  applica- 
tion of  each  increment  of  load, 
deflections  of  portions  of  the 
footing  were  obtained  by  means  of 

Ames  dials,  which  v/ere  carried  on  a  frame  work  of  1-1/4  x  1-1/4 
inch  angles  supported  on  the  upper  surface  of  the  footing  at  three 
points  near  the  pier.      The  general  arrangement  of  the  dials  on  the 
footing  is  shown  by  Fig,  5. 
Deflections  of  the  corners  of  the 
footing  with  reference  to  the 
machine  were  obtained  up  to 
failure  by  means  of  scales  attached 
to  the  machine  near  the  corners 
of  the  footing.      In  many  of  the 
tests,  dials  Mo.  8  and  11  were 
omitted,  while  in  one  test  dials 
llo.  8,  9,  10,  and  11  were  not 
used.  Fig.  5. 

The  location  of  cracks  as  they  appeared  on  the  sides  of  the 
footing  was  noted  and  recorded  and  their  development  studied.  On 
account  of  the  location  of  the  apparatus  in  the  laboratory  and  the 


Fig.  6. 

General  viev/  of  arrangement  of  springs. 


Fig.  7. 

Bed  of  161  springs.      The  strips  were  used  to  keep  them 
spaced  equally  in  all  directions. 
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Fig.  8. 

General  viev/  of  the  apparatus.      Footing  ready  to  he  tested. 


I 
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close  proximity  of  the  wall,  it  was  impossible  to  observe  the 
south  face  of  the  footing  and  consequently  no  cracks  were  noted 
for  that  face.      It  was  also  impossible  to  observe  the  lower 

surface  of  the  footing  during  the  test.      In  a  few  cases,  after 
the  completion  of  the  test,  the  footing  was  removed  from  the  ma- 
chine and  stood  on  end  so  that  the  cracks  on  the  lov/er  surface 
could  "be  studied.        The  photograph  oii  i.age  80  gives  a  view  of 
the  bottom  of  footing  No.  1817. 

V/hen  the  load  was  thought  to  be  near  the  ultimate,  the  dials 
were  removed  so  that  they  v/ould  not  be  damaged  by  the  failure  of 
the  footing.      After  the  removal  of  the  dials,  the  load  was  usually 
applied  up  to  the  complete  failure  of  the  footing. 


Data  and  Description  of  Tests. 


Taljle  4.    Compression  Tests  of  6-Tnoh  Cutes. 


Cube  Uo. 


1806 
1806 
1806 


Age  at  Test, 
days. 

69 


"aximiira  Toad.  Average 
fib.  per  sq.in.T    TJnit  Load 

lb.  per  sq. 

2315 
1944 


2022 


2094 


1807 
1807 
1807 


69 


2140 
1522 


1831 


1808 
1808 
1808 


63 


1488 
1664 
1577 


1610 


1809 
1809 
1809 


66 


2630 
2420 
E885 


2645 


1810 
1810 
1810 


63 


1472 
1528 
168 


7  /Uo 


1562 


1811 
1811 
1811 


62 


2070 
2480 
2060 


2203 


1812 
1812 
1812 


135 


3210 
2650 
3510 


3123 


1813 
1813 
1813 


118 


2720 
3380 
3490 


3197 


1814 
1814 
1814 


62 


2310 
2600 
2540 


2450 


1815 
1815 
1815 


60 


2280 
2170 
2220 


2223 


1816 
1816 
1815 


60 


1942 
1845 
1665 


1877 


1817 
1817 
1817 


60 


2620 
2540 
2570 


2577 


I 


Table  4  (Continued) 


1818 
1818 
1818 


50 


1819 
1819 
1819 


64 


1820 
1820 
1820 


64 


1821 
1821 
1821 


64 


1822 
1822 
1822 


61 


1823 
1823 
1823 


61 


1801 
1801 
1801 


135 


1802 
1802 
1802 


119 


1845 
1935 
2310 


2030 


2885 
2760 
2670 


2772 


1280 
1668 
1630 


1526 


1470 
1640 
1924 


1678 


1555 
1860 
1660 


1692 


2580 
2720 
2620 


2640 


2170 
2250 
2180 


2200 


2820 
3280 
2750 


2950 


TaTjle  5.        Tests  of  Control  Beams. 


Ho.  Bree-king  Load.  Age.  Modulus  of 

pounds.  days.  Rupture. 

lb.  per  sq.  in. 


1801 

tin  tzr\ 

2950 

103 

^57 

.5 

1802 

2150 

95 

208 

•  5 

1806 

2670 

97 

260 

.5 

1807 

o585 

88 

346 

.5 

1808 

2980 

75 

289 

.5 

1809 

ovoO 

oO 

362 

.9 

&xy  U 

OO 

II 
.  o 

xoxx 

9/1 

« u 

1812 

2480 

101 

242 

.7 

1813 

2280 

94 

220 

.  5 

1814 

3510 

78 

304 

.7  ^  ( 

1815 

4500 

74 

432 

.0 

1816 

2655 

56 

263 

.0 

1817 

4310 

67 

417 

.0 

1818 

2520 

55 

246 

.5 

1819 

4210 

74 

396 

.5 

1820 

2200 

69 

215 

.5 

1822 

2850 

95 

276 

.5 

Average- 

'3043 

'/4.8 

^91 

No  control  beams  for  footings  ITo.  1821  and  1823  were  tested. 
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Table  6.    Data  of  Reinforced  Concrete  Footings. 


Footing    Description.    Per  Cent.  Disposition' 
No. 


1806  2E-3/8  in. round  .406 

rods. 

1807  same  .406 

1808  27-3/8  in.  round  .498 

rods. 

1809  same  .498 

1810  33-3/8  in.  round 

rods  .610 


1811  same 


1816 
1817 
1818 
1819 

1820 
1821 

1822 

1823 


610 


1812  12-1/2  in.  round  .392 

rods 

1813  same  .392 

1814  22-1/2  in.  round 

rods  .720 


1815  same 


.720 


.408 
.408 


8-5/8  in.  round 

rods 
same  . 

2I-I/3  in.  corru-  -  .304 

gated  round  rods 
same  .304 


10-1/2  in.  corru-  .417 
gated  square  rods 
same  .417 


22-3/8  in.  round  .406 
rods 


Load 

{In  each  direction)  at 

Failure . 
(Ib.l 


same 


.406 


spaced  2-3/4  in.  178500 

center  to  center 

same  210000 

spaced  2-l/4  in. 

center  to  center  198000 

same  236000 


spaced  1-13/16  In. 
center  to  center  219000 
same  261000 


spaced  5  in.  171000 

center  to  center 

same  121000 


spaced  2-3/4  in. 

center  to  center  301000 

same  294000 

spaced  7-1/2  in.  132000 

center  to  center 

same  159000 

spaced  2-7/8  in.  19800C 

center  to  center 

same  261000 


spaced  6  in.  178500 

center  to  center 

same  159000 

1 

 • 

spaced  JI-13/16  in. 

0.  to  c.  no  rods  198000 

under  pier 

same  210000 


Manner 

of 
Failure . 


Bond  or 

Tension. 

Tension. 

Diagonal 
Tension. 
Tension. 


Diagonal 
Tension. 
Diagonal 
Tension. 

Bond, 

Bond. 


Bond. 
Diagonal 
Tension 
h  Bond. 
Bond. 

Bond. 

Diagonal 
Tension. 
Diagonal 
Tension. 


Diagonal 
Tension. 
Diagonal 
Tension. 


Tension. 
Tension. 


Table  7. 

Values  of    j    used  in  calculations. 


Per  cent 

Reinforcement. 

.EO 

.90) 

.20 

.90 

.40 

.89 

.50 

.88 

.60 

.88 

.70 

.87 

.80 

.86 

1.00 

.85 

1.20 

.84 

1.50 

.825 

28 


Caloulated  Data 


Footing 
Uo. 


Load  at 
Failure 
in  lb. 


1806 

178000 

35100 

242 

112 

1807 

210000 

41500 

285 

132 

1808 

198000 

32200 

222 

126 

iouy 

OOOUO 

150 

1810 

219000 

29400 

203 

141 

loll 

oolOu 

242 

168 

1812 

171000 

34700 

319 

107 

1813 

121000 

24600 

226 

76 

1814 

301000 

34300 

315 

195 

1815 

294000 

33500 

308 

190 

1816 

132000 

25800 

296 

83 

1817 

'  159000 

31000 

356 

100 

1818 

198000 

51250 

313 

123 

1819 

261000 

67700 

413 

162 

1820 

178500 

34100 

314 

112 

1821  ^ 

'  159000 

30400 

279 

100 

182E 

198000 

42300 

290 

124 

1823 

210000 

44700 

308 

152 

Table  8. 

of  Reinforced  Conorete  Colnmn  Footings. 
Tensile     Bond  Vertical 

Stress        Stress    Shearing    Manner  of  Failure, 
lb.  per      lb.  per  Stress 
sq.  in.     sq.  in.  lb.  per 

sq.  in. 

Bond  or  Tension. 
Tension., 

Diagonal  Tension. 
Tension  and  Diagonal'^ 
Tension. 

V 

Diagonal  Tension. 
Diagonal  Tension. ' 

Bond . ' 
Bond. 

Bond.'>  -^-^ 
Diagonal  Tension' 
and  Bond. 

Bond.  ' 
Bond. 

7 

Diagonal  Tension.  " 
Diagonal  Tension  with 
contributory  slipping; 
of  rods. 

Diagonal  Tension. 
Diagonal  Tension. 

Tension. 
Tension. 


29. 


Table  9.    Tests  of  Unreinforoed  Concrete  Column  Footings. 

Load  at  Modulus  of       Control  Beams.  

Footing  Age.    Depth.    Failure.  Rupture.         Modulus  of  AgeT 
Ho.      Days.  Inches,  pounds,  lb. per  sg.in.  Rupture,  Days. 

l"b.  per  sq.in. 

1801  78        12  72000  235  267.5  103 

1802  71        12  50QQQ  163.2  208.6  95 


ITo.  1806. 

Reinforcement:-  22  -  3/8  in.  round  rods  spaced  2-3/4  in.o.to  o 

4  N 


f  =  35100  lb.  per  sq.  in. 
u  =  242  Vd.  per  sq.  in. 
V  =      112  lb.  per  sq.  in. 

Cracks  appeared  as  follows: 

At  138000  lb.  -  Small  cracks  on  all  sides  over  several  rods. 

At  159000  lb.  -  More  hair  cracks  over  reinforcing  rods.  All 
of  these  cracks  extended  less  than  half  way  up.      As  load  was  in- 
creased from  158000  lb.  to  178000  lb,  these  cracks  opened  very 
little. 

Failure  at  178000  lb.  was  gradual.      It  was  apparently  a 
tension  failure  though  there  was  evidence  of  slipping  of  the  rods. 


Ho.  1807. 

Reinforcement:-  22  -  3/8  in.  round  rods  spaced  2-5/4  in.  c.  to  c. 


f  -  41500  lb.  per  sq.  in. 
Tl  =  285  ITd.  per  sq.  in. 
V  z      132  lb.  per  sq.  in. 

Cracks  appeared  as  follows: 

At  102000  lb.  —  On  north  side  3  in.  west  of  east  face  of  pier. 

On  east  side  3  in.  north  of  south  face  of  pier. 

At  120000  lb.  --On  west  side  6  in.  south  of  south  face  of  pier. 

On  north  side  6  in.  west  of  west  face  of  pier. 

At  138000  lb.  —  On  north  side  2  in.  east  of  east  face  of  pier. 

On  east  side  in  line  with  south  face  of  pier. 

At  159000  lb.        On  east  side  of  line  with  north  face  of  pier. 

As  load  was  increased  the  cracks  opened  gradually.  Tension 
failure  at  210000  lb.;  examination  of  the  rods  showed  that  they 
had  necked. 


52.  ITo.  1808. 

Reinforcement:-  E7-  3/8  in.  round  rods  spaced  E-l/4  in,  c.  to  c. 

A  ti 


f  =  3E200  Ih,  per  sq.  in. 
u  =  222  It),  per  sq.  in. 
V  =      126  It.  per  sq.  in. 

racks  were  observed  as  follows: 

At  120000  Ih,  -  On  north  side  in  line  with  west  face  of  pier, 

4  in.  long. 

At  138000  Ih.  -  On  north  side  at  center,  5  in.  long. 

On  south  side  at  center,  7  in.  long. 

On  west  side  in  line  with  south  face  of  pier, 

6  in.  long. 
On  west  side  at  center,  5  in.  long. 
At  158000  lb.  and  178000  lb.  -  above  cracks  became  more  prominent. 
At  198000  lb.  -  As  the  bearing  block  did  not  adjust  itself  as  the 
3ad  was  applied  thereby  causing  an  eccentric  load  and  as  the  concret 
as  of  poor  quality  (see  cube  tests),  the  pier  failed  by  crushing. 

Hew  pier  set  in  place  and  footing  reloaded  next  day.  Failure 
b  198000  lb.  by  diagonal  tension. 


Fo.  1809. 


33. 


Heinforcement :-  27-  3/8  in.  round  rods  spaced  E-l/4  in.  o.  to  c. 


f  =  38300  lb.  per  sq.  In. 
XL  =  £64  lb.  per  sq.  in. 
V  =      150  lb.  per  sq.  in. 


Cracks  were  observed  as  follov/s: 
At  138000  lb. 


At  178000  lb.  - 

At  198000  lb.  - 

At  219000  lb 
At  236000  lb 


On  north  side  2  in.  east  of  west  face  of  pier, 

6  in.  long. 
Above  crack  widens 
On  east  side  at  center,  6  in.  long. 
On  north  side  1  in.  east  of  east  face  of  pier. 
6  in.  long. 

On  east  side  in  line  with  north  face  of  pier, 
6  in.  long. 

On  east  side  2  in.  south  of  south  face  of  pier, 
2  in.  long. 

-  Cracks  on  south  side  opened  gradually  as  load 
was  maintained. 

-  Failure  by  tension  followed  by  diagonal  tension. 
Pier  punched  through. 


Uo.  1810. 

Reinforcement:-  33-  3/8  in.  round  rods  spaced  1-13/16  in.  c.  to  o. 


N 


square  inch. 

! 

Cracks  appeared  as  follows: 

At  138000  It.  -  Fine  crack  on  north  side  in  line  with  east  face 

of  pier. 

On  west  side  in  line  with  north  face  of  pier, 

6  in.  long. 
On  east  side  at  center,  6  in.  long. 
At  158000  It.  -  Above  cracks  more  prominent. 
At  178000  lb.  -  On  north  side  over  rod  2  in.  west  of  center, 

6  in.  long. 
Pine  crack  at  west  face  at  center. 
On  south  side  in  line  with  west  face  of  pier, 
6  in.  long. 

At  198000  lb.  -  On  north  side  2  in.  east  of  center,  6  in.  long. 

On  west  side  6  in.  south  of  south  face  of  pier, 
6  in.  long. 

Failure  at  219000  lb.      Footing  seemed  to  shear  off  in  plane 
1  of  rods  but  gave  indications  of  having  failed  by  diagonal  tension. 


Wo.  1811.  25^ 

Reinforoement : -  33-  3/8  in.  round  rods  spaced  1-13/16  in.  o.  to  c. 


f=  35100  It.  per  sq.  in. 
u=      24E  lb.  per  sq.  in. 
v=      168  lb.  per  sq.  in. 
Craoks  appeared  as  follows: 

At  159000  lb.  -  On  north  side  2  in.  west  of  center,  6  in.  long. 
At  178000  lb.  -  On  west  side  in  line  with  south  face  of  pier, 

6  in.  long. 

On  west  side  3  in.  south  of  south  face  of  pier, 
6  in.  long. 

On  west  side  3  in.  north  of  north  face  of  pier, 
8  in.  long. 

At  198000  lb.  -  on  north  side  in  line  with  east  face  of  pier, 

5  in.  long. 

On  north  side  10  in.  south  of  east  face  of  pier, 
4  in.  long. 

At  219000  lb.  -  Above  cracks  extended  and  widened. 

Failed  suddenly  at  261000  lb.  after  readings  had  been  taken. 


Ho.  1812. 

i  Reinforoement : -  IE-  l/2  in.  round  rods  spaced  5  in.  c.  to  o» 


f  =  34700  lb.  per  sq.  in. 
u  =  319  lb.  per  sq.  in. 
V  =      107  lb.  per  sq.  in. 

Oracks  appeared  as  follows: 

At  138000  lb.  -  On  east  side  in  line  with  south  face  of  pier, 

6  in.  long. 

On  west  side  4  in.  south  of  north  face  of  pier, 

8  in.  long. 
On  north  side  at  center,  6  in.  long. 
On  south  side  at  center,  4  in.  long. 
At  159000  lb.  -  All  cracks  more  prominent.      The  one  on  south 

side  longer. 

Failure  at  171000  lb.  without  farther  opening  of  cracks.  Pier 
punched  through  as  result  of  slipping  of  rods.      Inspection  after 
Ifailure  showed  that  the  middle  third  of  both  layers  of  rods  had 
lalipped. 


TTo.  1813. 

Reinforcement:-  12-  1/2  in.  round  rods  spaoed  5  in.  o.  to  c 


37. 
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I         \  I 

f  =  E4600  l"b.  per  sq.  in. 
u  =  226  lb,  per  sq.  in. 
V  =        76  l"b.  per  sq.  in. 

Cracks  appeared  as  follov/s: 

At  82000  lb.  -  On  north  side  3  in.  west  of  center,  5  in.  long. 

At  102000  lb.  -  On  west  side  near  center,  8  in.  long. 

On  east  side  2  in.  south  of  center,  8  in.  long. 

At  121000  lb.  -  On  north  side  of  center,  6  in.  long. 

Other  cracks  extended. 

Difficulty  in  maintaining  load  at  121000  lb.      Load  removed 

and  under  side  of  footing  examined.      It  was  found  that  the  lower 

layer  of  rods  had  slipped. 


f  =  24300  lb.  per  sq.  in. 
u  =  315  lb.  per  sq.  in. 
V  =      195  lb.  per  sq.  in. 

racks  appeared  as  follows: 

At  178000  lb.  -  On  north  side,  several  fine  craoks  over  rods 

not  more  than  3  in.  long. 
On  east  side,  hair  crack  18  in.  south  of  center. 

At  198000  lb.  -  On  west  side,  in  line  with  south  face  of  pier. 

6  in.  long. 

At  219000  lb.  -  lo  further  cracks.    Others  more  prominent. 

At  240000  lb.-  26000C  lb.  -  In  spite  of  high  load,  no  further 

sign  of  failure. 

At  300000  lb.  -  Cracks  over  rods  opened  gradually. 

Rods  observed  to  slip  as  load  was  maintained.      Final  failure 
violent  and  was  due  to  slipping  of  rods. 


f 

u 

T 

Cracks  appeared  as  follows: 

At  159000  lb.  -  On  north  side  at  center,  2  in.  long. 

On  east  side,  4  in.  south  of  north  face  of 

pier,  3  in.  long. 
On  west  side  in  line  with  south  face  of  pier. 
6  in.  long. 

At  178000  Ih.  -  On  north  side  3  in.  west  of  west  face  of  pier. 

On  east  side  2  in.  north  of  north  face  of  pier, 
2  in.  long. 

At  198000  Ih.  -  On  west  side  2  in.  north  of  north  face  of  pier, 

6  in.  long. 

On  north  side  in  line  v/ith  east  face  of  pier, 

2  in.  long. 
On  east  side  at  center,  2  in.  long. 
At  219000  Ih.  -  Small  cracks  on  north  side  directly  over  center 

rods. 

Failure  at  294000  It.,  due  to  diagonal  tension  with  possible 
slipping  of  rods.    Pier  failed  at  same  time  as  the  footing. 


=  23500  lb.  per  sq.  in. 
=  308  lb.  per  sq.  in. 
=      190  lb.  per  sq.  in. 


to.  ITo.  1816. 

Reinforcement:-  8-  5/8  in.  round  rods  spaced  7-l/4  in.  c.  to  o. 


I 


f  =  £5800  lb,  per  sq.  in. 
u  «  E96  lb.  per  sq.  in. 
V  *        83  lb.  per  sq.  in. 

Cracks  appeared  as  follows: 

At  64000  lb,  -  On  north  side  6  in.  east  of  center. 

At  102000  lb.  -  On  north  side  1  in.  east  of  east  face  of  pier. 

At  121000  lb.  -  Above  cracks  more  pronounced. 

As  load  was  increased  cracks  opened  considerably. 

Failure  at  138000  lb. 

Examination  of  rods  showed  that  most  of  the  rods  in  both  upper 
{and  lower  tiers  had  slipped. 


ITo.  1817. 


41. 


Roinforoement 8-  5/8  in.  round  rods  spaced  7-1/4  in.  o.  to  c. 


f  =  31000  lb.  per  sq.  in. 
Ti  =  356  lb.  per  sq.  in. 
V  *      100  lb.  per  sq.  in. 

Cracks  appeared  as  follows: 

At  lOEOOO  lb.  -  On  north  side,  3  in.  east  of  west  face  of  pier. 

6  in.  long. 

On  north  side  3  in.  east  of  east  face  of  pier, 
4  in.  long. 

At  121000  lb.  -  On  west  side  4  in.  south  of  south  face  of  pier, 

6  in.  long. 

At  159000  lb.  -  On  north  side  -  rod  in  center  had  slipped. 

Crack  over  this  rod  had  opened  considerably. 
As  load  was  maintained  crack  opened  still 
further. 

On  west  side.      Indications  of  rods  having 
slipped.      Cracks  closed  somewhat  when  load 
was  removed. 

Loaded  again  to  159000  lb.  -  Crack  on  north 
face  over  rod  was  at  least  l/4  in.  wide. 

Load  removed  and  investigation  showed  rods  had 
slipped. 

( See  discussion. ) 
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lo.  1818. 


Reinforoement :-  21-  l/3  in.  corrugated  round  rods  spaced  2-7/8  in. 


center  to  center. 


f  «  51250  lb.  per  sq.  in. 
11  =  313  lb.  per  sg.  in. 
V  =      123  lb.  per  sq.  in. 

Oraoks  appeared  as  follows: 

At  120000  lb.  -  On  west  side  at  center,  3  in.  long. 

On  east  side  3  in.  north  of  center,  3  in.  long. 
At  138000  lb.  -  On  east  side  in  line  with  south  face  of  pier, 

6  in.  long. 

At  178000  lb.  -  On  west  side  in  line  with  north  face  of  pier, 

6  in.  long. 

On  south  side  prominent  crack  a  little  west  of 
west  face  of  pier. 

Failure  at  198000  lb.  by  diagonal  tension,  accompanied  by 
stripping  of  the  rods. 


Heinforcement:-  21- 


1/3 


m 


center  to  center. 


ITo.  1819. 

corrugated  round  rods  spaced  2-7/8  in. 

N 
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f=67700  lb.  per  sq.  in.;  u-  415  lb.  per  sq.  in.;  v-  162  lb.  per  sq.in. 

Cracks  appeared  as  follows; 

At  120000  lb.  -  On  north  side.  3  in.  west  of  east  face  of  pier. 

6  in.  long. 

On  north  side,  3  in.  west  of  west  face  of  pier, 
6  in.  long. 

On  west  side,  5  in.  south  of  south  face  of  pier, 

6  in.  long. 
On  west  side  at  center,  2  in.  long. 
On  east  side  18  in.  from  south  side,  4  in,  long. 
At  138000  lb.  -  On  north  side  20  in.  from  east  side,  6  in.  long. 

On  west  side  at  center,  8  in.  long. 
At  198000  lb.  -  On  north  side  11  in.  from  west  side,  5  in.  long. 
As  load  was  increased  all  of  the  above  cracks  oi^ened  percep- 
tibly.     Failure  at  26(|)000  lb.  was  not  sudden.      Concrete  stripped 

from  rods.      Probably  a  diagonal  tension  failure,  hastened  by 
slipping  of  rods  due  to  high  bond  stress  developed. 
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TTo.  1820. 


Reinforcement:-    10-  l/2  in.  corrugated  square  rods  spaced  6  in. 
center  to  center. 


f  =  34100  lb.  per  sq.  in. 
u  =  314  lb.  per  sq.  in. 
V  -      112  lb.  per  sq.  in. 


racks  appeared  as  follows: 


At  102000  lb. 
At  120000  lb. 


At  138000  lb. 
At  158000  lb. 


On  north  side  2  in.  east  of  center,  2  in.  long. 
On  north  side  2  in.  west  of  center,  4  in.  long. 
On  west  side  2  in.  north  of  center,  6  in.  long. 
On  east  side  in  line  with  south  face  of  pier, 
6  in.  long. 

On  east  side  2  in.  north  of  center,  6  in.  long. 
On  north  side  in  line  with  east  face  of  pier, 

6  in.  long. 
On  north  sld<^  2  in.ftom  east  side. 
On  north  side  2  in.  from  west  side. 


Cracks  did  not  widen  much  as  load  increased. 
Failur©  at  178000  lb.  by  diagonal  tension. 


Ho.  1821. 
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Reinforcement:-  10-  1/2  in.  corrugated  square  rods  spaced  6  in 
center  to  center. 

4  /V 


f  «  30400  It.  per  sq.  in. 
u  '  279  lb.  per  sq.  in. 
V  •      100  lb,  per  sq.  in. 


Cracks  appeared  as  follows; 


At  102000  lb. 
At  120000  lb. 
At  138000  lb. 


On  east  side  in  line  with  north  face  of  pier, 

2  in.  long. 

On  west  side  3  in.  north  of  south  face  of  pier, 

3  in.  long. 

On  east  side  in  line  with  south  face  of  pier. 
On  west  side  at  center,  3  in.  long. 
South  side  at  center,  3  in.  long. 


Footing  held  load  at  158000  lb.  for  several  minutes,  then 
failed  suddenly  by  pier  punching  through.      Cracks  on  side  had 
practically  closed  up  except  horizontal  cracks  in  plane  of  rods 
which  were  prominent.      Diagonal  tension  failure. 
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ISO.  1822. 


Reinforcement:-  22-  3/8  in.  round  rods  spaced  2-3/16  in.  c.  to 
outside  of  plane  of  faces  of  pier.  + 


f  -  42300  lb.  per  sq.  in. 
u  =  290  Ih,  per  sq..  in. 
V  *      124  lb.  per  sq.  in. 


Jraoks  appeared  as  follov/s: 

i  At  102000  lb.  -  On  north  side  in  line  with  east  face  of  pier, 

8  in.  long. 

At  138000  lb.  -  On  west  side  2  in.  north  of  line  of  north  fac 

of  pier,  6  in.  long. 
At  158000  lb.  -  On  east  side  in  line  with  south  face  of  pier, 

6  in.  long. 
On  north  side  at  center,  6  in.  long. 
On  west  side  in  line  with  south  face  of  pier, 

9  in.  long. 

At  178000  lb.  -  On  north  side  1  ft.  from  east  side,  6  in.  Ion 

Failure  at  198000  lb.  -  gradual.  Crack  on  east  side  opened. 
1  Rods  necked.      Tension  failure. 


ITo.  1823, 


"57:1 


Reinforcement:-  22-  3/8  in.  round  rods  spaced  2-^/16  in,  c.  to  c. 
outside  of  plane  of  faces  of  pier. 


-    -  V 

f  -  44700  lb,  per  sq.  in. 
u  =  308  It,  per  sq..  in. 
T  =      132  lb.  per  sq.  in. 

Cracks  appeared  as  follows: 

At  121000  lb,  -  On  north  side  over  first  rod  west  of  line  of 

west  face  of  pier,  4  in.  long. 
At  138000  lb,  -  On  north  side  over  second  rod  east  of  line  of 

east  face  of  pier,  4  in.  long. 
On  west  side  over  first  rod  north  of  line  of 

north  face  of  pier,  4  in.  long. 
On  east  side  at  center,  4  In.  long. 
At  159000  lb.  -  On  east  side  8  in.  south  of  south  face  of  pier, 

6  in.  long. 

At  178000  lb.  -  As  load  was  held  the  west  crack  on  the  north 

began  to  open  up  gradually. 


Failure  at  210000  lb.  Examination  of  rods  showed  that  they 
had  necked.      See  Fig.  10,  in  the  discussion. 
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VI.    Explanation  of  Load-deflection  Grax)hs. 

Tha  graplis  on  f^a^es  49  to  66  show  the  actual  deflections  of 
thQ  footing  witi.  respect  to  a  zero  plane.      For  the  deflections 
on  a  line  through  the  center  of  the  footing,  the  a&xo  clane  wa.s 
determined  by  means  of  the  three  supports  at  the  center  of  the 
framework  carrying  the  Ames  dials.      For  the  deflections  on  a 
line  along  the  west  edge  of  the  footing,  the  zero  plane  was 
assumed  at  the  middle  of  the  side  and  was  determined  hy  the 
reading  of  that  dial. 

The  deflections  of  the  footings  are  plotted  as  ordinates 
to  an  exaggerated  scale,  while  the  ahsoissae  represent  distances 
on  the  footing.      A  graph  was  drawn  for  each  increment  of  load 
except  when  they  were  too  close  to  be  distinguished. 
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CUGENE  OIETZGCN  CO..  CHICAGO. 


53. 


(UQCNC  DIETZGCN  CO.,  CHICAGO. 


CUaCNC  OICTZQEN  CO.,  CHICAGO. 


CUQCNE  DICTZQCN  CO..  CHICAGO. 


p 
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a/7a  We^r  thro  ugh  Cem^^ 


CUQCNC  DIETZGEN  CO..  CHICAGO 
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VTI.  Discussion. 

In  nearly  all  cases  the  footings  with  similar  reinforcement 
failed  in  the  same  manner,  but  as  will  he  observed  from  the  curves, 
Fig.  9,  the  first  half  of  the  footings  tested  sustained  less  load 
than  the  later  footings.      This  was  probably  due  to  the  poorer 
quality  of  the  concrete  used  in  the  first  footings  which  were  made 
two  months  before  the  others. 

In  general,  the  footings  reinforced  with  the  3/8  inch  plain 
round  rods  and  those  reinforced  with  the  corirugated  rods  failed  by 
tension  or  diagonal  tension,  while  those  reinforced  with  the  1/E 
inch  and  5/8  inch  plain  rods  failed  by  bond. 

Fig.  9,  represents  the  results  of  the  tests  graphically  and 
attention  is  called  to  the  following: 

(l)     In  proportion  to  the  per  cent  reinforcement  used,  the 
footings  with  corrugated  bars  sustained  a  higher  ultimate  load 
than  did  the  others.      An  exception  is  found  in  the  case  of 
footings  ITo.  1820  and  1821,  both  of  which  failed  by  diagonal 
tension  at  lower  loads  than  would  be  expected  considering  the  amount 
of  steel  used  and  the  low  vertical  shearing  stress  developed.  This 
was  probably  due  to  the  fact  that  the  concrete  was  of  poorer 
quality,  as  is  shown  by  the  cube  tests,  and  by  the  fact  that 
footing  Ho.  1821  was  only  30  days  old  when  tested. 

(2]    An  interesting  comparison  is  afforded  in  the  case  of  the 
eight  footings  with  reinforcement  varying  from  .392%  to  .408%,  or 
having  an  average  of  .4^0.      it  will  be  observed  that  with  this  per- 
centage of  steel  the  average  load  sustained  by  the  footings  rein- 
forced with  the  5/8  inch  rods  was  about  equal  to  the  average 
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Footing  ETo.  1818. 
Reinforced  with  21-  l/2  in,  corrugated  round  rods  spaced 
2-7/8  in,  center  to  center.      Although  only  .304^  reinforcement 
was  used,  this  footing  sustained  a  higher  ultimate  load  than 
any  of  the  other  footings  except  Ho.  1814  and  1815,  which  had 
.720^  reinforcement.      It  will  he  ohserved  that  the  pier  punched 
through  and  that  the  plane  of  rupture  v/as  coincident  with  the 
plane  of  the  rods.      The  failure  was  due  to  diagonal  tension. 


carried  by  the  footings  with  the  1/2  inch  rods.      All  of  these 
footings  failed  hy  hond  and  the  average  ultimate  strength  was  less 
than  that  for  the  footings  reinforced  with  the  3/8  inch  rods  which 
failed  hy  tension.      Hence  the  conclusion  is  made  that  on  account 
of  the  early  bond  stress  developed  by  the  large  1/2  inch  and  5/8 
inch  rods,  it  is  better,  for  a  given  percentage  of  steel,  to  use 
the  smaller  ones. 

(3)     The  tests  of  footings  llo.  1808  and  1809,  which  were  re- 
inforced with  27  -  3/8  inch  round  rods,  and  of  No.  1810  and  1811, 
which  were  reinforced  with  33  -  3/8  inch  round  rods,  show  that  as 
the  number  of  rods  used  is  increased,  the  tendency  of  the  footing 
to  fail  by  tension  is  diminished  and  its  strength  is  limited  by 
the  resistance  to  diagonal  tension  that  can  be  developed.      For  the 
same  size  rods,  and  with  the  constant  depth,  the  factors  which 
enter  into  the  strength  of  these  footings  are  the  quality  of  the 
concrete  and  the  number  of  rods  that  can  be  used. 

ITo  Hods  Under  Pier. 

By  comparing  the  results  of  the  tests  made  on  footings  llo. 

1806,  1807,  1822,  and  1823,  all  of  which  were  reinforced  with  22 

3/8  inch  round  rods,  an  interesting  study  is  obtained  of  the 

value  of  placing  the  reinforcement  entirely  outside  of  the  planes 

of  the  faces  of  the  pier.      jb'ollowing  is  a  comparison  of  the 

results : 

Hods  Under  Pier* 

Uo.  1806  -  Failed  at  178000  lb.  by  tension, 
lo.  1807  -  Failed  at  210000  lb.  by  tension. 

Average  =  194000  lb. 


CTo  Rods  Under  Pier. 

no.  1822  -  Failed  at  198000  lb.  "by  tension. 
Ho.  1823  -  i^ailed  at  SIOOOO  lb.  by  tension. 

Average  =  204000  lb. 
It  will  be  noticed  that  by  keeping  the  rods  outside  of  the 
planes  of  the  faces  of  the  pier  the  footing  is  somewhat  strength- 
ened, 

Ho.  1806  -  Calculated  tensile  stress  =  35100  lb.  per  sq..  in. 
Ho.  1807  -  Calculated  tensile  stress  =  41500  lb.  per  sq.  in. 

Average  ~  38300  lb. 

Ho.  1822  -  Calculated  tensile  stress  =  41500  lb.  per  sq..  in. 
Ho.  1823  -  Calculated  tensile  stress  =  44200  lb.  per  sq.  in. 

Average  «  42850  lb. 
In  the  above  calculations,  the  same  effective  width  was  used 
for  all  footings.      Therefore,  a  smaller  number  of  rods  were  con- 
sidered in  ilos.  1822  and  1823  than  in  Hos.  1806  and  1807.  where 
the  rods  are  found  under  the  pier.      The  supposition,  therefore, 
would  be  that  footings  lUo.  1822  and  1823  would  fail  in  tension  at 
a  lower  load  than  if  the  rods  were  placed  under  the  pier  as  in 
Hos.  1806  and  1807.      Since  this  did  not  result  in  the  tests,  and 
as  the  calculated  tensile  stresses  for  Hos.  1822  and  1823  were 
much  higher  than  the  average  yield  point  of  the  steel,  the  con- 
clusion is  that  a  greater  effective  width  should  be  assumed  for 
footings  in  which  the  rods  are  not  found  under  the  pier.  Using 
50  inches  as  the  effective  width  instead  of  46  inches,  the  cal- 
culated tensile  stress  for  footing  Ho.  1822  and  1823  are  37600  lb. 
and  40000  lb.  respectively.      These  values  conform  better  to  the 
average  yield  point  of  the  steel. 
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Fig.  10,  shows  the  amount  of  necking  for  the  bars  along  two 
sides  of  footing  S"o.  1823.      It  will  be  noticed  that  rods  Eo>  4, 
5,  6,  7,  and  8  and  4',  5',  6',  and  7'  show  the  greatest  necking, 
and  therefore  a  conclusion  is  drawn  that  they  received  more  stress 
than  the  others.      This  is  to  he  expected  as  the  pier  stiffens 
the  footing  near  the  center  and  hence  the  rods  near  the  faces  do 
not  receive  as  much  stress  as  those  farther  out.      This  is  illus- 
trated graphically  hy  Fig.  11,  in  which  the  ordinate  to  the  curves 
a  h  and  a'  b'  represent  the  stresses  in  the  different  rods, 
assuming  that  the  stresses  are  proportional  to  the  reduction  of 
area. 

The  Effective  width. 

It  will  be  seen  from  studying  the  deflection  graphs  that  the 
rods  near  the  edges  of  the  footing  do  not  carry  as  much  stress  as 
those  at  the  center  and  that  the  center  rods  are  stressed  to  their 
yield  point  before  the  others.      The  question  arises,  therefore. 
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as  to  what  portion  of  the  rods,  if  stressed  to  the  maHimiim  carried 

"by  the  center  rods  would  develop  a  resisting  moment  equivalent  to 

that  developed  by  all  of  the  rods;  or,  in  other  words,  what  width 

of  footing  may  "be  regarded  as  the  width  of  the  four  cantilever 

"beams  of  which  the  footing  is  composed.      This  is  spoken  of  as 

the  "effective  width",  and  it  is  used  in  the  calculations  of  the 

stresses  in  Table  8. 

In  the  series  of  1909,  the  effective  width  was  assumed  as 
2 

a  +         d  where  a  is  the  width  of  the  pier  and  d  the  depth  of  the 

steel.      This  formula  gives  an  effective  width  independent  of  the 

total  width,  obviously  a  wrong  assumption.      For  footings  10  inches 

deep  to  the  steel  the  effective  width  is  25  inches  and,  using  this 

value,  as  was  done  in  1909,  the  calculated  tensile  stresses  were 

much  in  excess  of  the  yield  point  of  the  steel. 

In  the  series  of  1910,  the  unit  stress  in  the  steel  for  those 

footings  failing  by  tension  was  assumed  as  38100  lb.,  which  is  an 

average  value  of  the  yield  point  that  was  determined  by  tests  made 

on  43-  1/2  in.  bars  of  the  same  steel.      The  effective  width  was 

then  calculated  from  the  formula    b  =  ----o  ,  and  the  average 

fpjd'=^ 

width  thus  determined  for  the  ten  inch  footings  was  42  inches. 
In  all  cases  it  was  greater  than  2/3  of  the  total  v/idth  of  the 
footing. 

In  this  series  of  tests,  at  the  suggestion  of  Professor 
A.  H.  Talbot,  the  writers  assumed  an  effective  width  of 
a  f  2d  4-  l/2(L  -  a  -  2d)  where  a  is  the  width  of  the  pier,  d  is 
the  depth  of  the  steel,  and  L  is  the  total  width  of  the  footing. 
For  footings  5  ft.  square  and  with  an  effective  depth  of  10  inches, 
the  effective  width  equals  46  inches,  and  the  stresses  in  the 
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accompanying  tables  were  calculated  on  this  basis.      The  following 
table  is  an  interesting  comparison  of  the  assumptions  made  in  the 
three  series  of  tests.      Only  those  footings  were  selected  for 
this  table  that  could  be  compared  with  those  of  the  present  series, 
All  have  an  effective  depth  of  10  inches  and  the  reinforcement  is 
placed  in  two  directions  only. 


Table  10.    A  Study  of  Tension  Failures. 
All  footings  5  ft.  square,    d  =  10  in. 


Series 

Footing 

load  at 

Calculated 

Tensile 

Calculated 

Ave rag 

of 

Ho. 

Failure 

Tensile 

Stress 

Effective 

Effect 

lb. 

Stress 

Assumed. 

Width. 

Width 

lb.  per  sq.in. 

lb.  per 

in. 

in. 

sq..  in. 

1909 

1411 

IIEOOO 

57500  # 

1412 

160000 

82400 

1413 

144000 

48600 

38100 

37.6 

1414 

192000 

65800 

38100 

31.3 

1415 

160000 

54100 

38100 

40.7 

1416 

128000 

43600 

38100 

33.0 

37.5 

1910 

1515 

208000 

38100 

54.5 

1516 

192000 

38100 

50.0 

52.3 

1911 

1806 

178500 

35100  / 

38100 

42.2 

1807 

210000 

41500 

38100 

41.5 

1809 

236000 

38300 

38100 

46.05 

43.2 

#  calculated  on  the  basis  of  an  effective  width  of  25  inches, 
y  calculated  on  the  basis  of  an  effective  width  of  46  inches. 

Average  of  calculated  effective  v/idths  =  44.3  in. 

Another  method  of  obtaining  a  value  for  the  effective  width 

is  by  use  of  the  deflection  graphs  on  pages  49  to  66. 

From  a  study  of  twelve  typical  sets  of  curves  it  was  found  that 

the  average  deflection  at  the  corners  was  but  .7  of  the  average 

deflections  at  the  centers  of  the  sides.      From  the  study  of 

mechanics  it  is  known  that  the  stresses  in  a  beam  vary  v/ith  the 

deflections.      Applying  this  to  the  cantilever  beams  of  the 
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footings  it  might  iDe  said  that  the  stresses  at  the  corners  were  only 
,7  of  those  in  the  center.      This,  however,  is  not  quite  true  he- 
cause  of  the  different  lengths  of  radii  of  the  curves.      This  is 
illustrated  by  jj'ig.  12,  where  A'B'G'D'  represents  a  section  of  the 
footing  at  the  face  of  the  pier  and  ji:ij'GH  a  side  elevation. 
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Fig.  12. 
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IThen  the  load  is  applied  the  projections  tend  to  turn  up 
about  the  pier.      The  curve  of  the  upper  portion  of  the  footing 
will  he  quite  flat  in  the  inmiediate  vicinity  of  the  pier,  as 
shown  in  Fig.  12  (a),  where  ABGD    is  a  section  under  a  load,  and 
ii'jj-'G'H'  is  the  elevation  of  the  side  under  the  same  load.      It  is 
evident  that  the  radius  of  the  curve  i!:'F'  on  the  upper  side,  is 
longer  than  that  of  the  curve  AB  in  ABUD. 


Because  of  the  limited  nunlDer  of  Ames  lials  used  it  was  im- 
possible to  obtain  points  enough  to  plot  accurately  the  curve  of 
the  upper  edj^e  of  the  footing.      It  is  safe  to  say,  however,  that 
for  equal  radii  the  deflections  at  the  corners  would  he  only  .5  of 
those  at  the  sides.      Assuming  that  this  is  true,  we  may  then  con- 
clude that  the  stresses  at  the  edges  are  only  50  per  cent  of  those 
at  the  center. 
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Fig.  13. 


If  in  i'igure  15,  which  represents  the  width  of  the  footing, 
we  construct  the  ordinates  AB  and  CD  to  represent  the  tensile 
stresses  at  the  edges  of  the  footing  and  an  ordinate,  EF,  twice 
as  long,  to  represent  the  stress  at  the  center,  then  the  curve 
BC,  which  has  the  form  of  a  parabola,  will  determine  the  length 
of  the  ordinates  and  the  corresponding  stresses  at  the  interme- 
diate points.      The  area,  ABCD  represents  the  total  tensile  stress 
in  the  footing  and  the  effective  width,  as  previously  defined, 
is  determined  by  constructing  an  equivalent  area  A'B'C'D',  having 
a  height  equal  to  the  maximum  ordinate  EP.      The  width  of  this 
rectangle  is  the  effective  width  of  the  footing  and  its  value  is 
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oompxited  as  follov/s: 

Lay  off    ID  =  2-l/E  inches,  where  l/2  in.  =  12  inches. 
AB  =  1/2  inoh  to  represent  stress  at  edge. 
EF  =  1  inoh  to  represent  stress  at  center, 
let    eurve  BEC  he  a  parahola. 
Then  area  ABCD  =  2-1/2  •  l/2  +  2/3  •  5/2  •  l/2  =  2-l/l2  sq.in. 
If  A*B*C*D'  is  equivalent  to  iBCD,  and  AB  is  equal  to  A*B*, 
then  A*D'  is  2-1/12  in.  long,  which  represents  an  effective  width 
of  50  inches. 

The  effective  width  of  46  inches  used  in  calculating  the 
stresses  in  Tahle  8  is  somewhat  lower  than  the  effective  width  as 
calculated  hy  means  of  the  graph;  hut  the  average  effective  width 
ohtained  hy  assuming  the  stress  in  the  steel  equal  to  the  yield 
point  is  only  44  inches.      Therefore  the  writers  are  of  the  opin- 
ion that  an  error  is  made  on  the  safe  side  hy  using  46  inches, 
and  that  perhaps  48  inches  would  more  nearly  approximate  the 
correct  value. 
Bond  Failures. 

The  tests  on  footings  ITo.  1816  and  1817,  which  v/ere  rein- 
forced  with  8-  5/8  in.  rods,  gave  an  opportunity  to  study  the 
phenomena  of  a  bond  failure.      In  both  of  these  footings,  the 
first  cracks  appeared  on  the  north  faces  and  the  main  plane  of 
rupture  was  in  a  north  -  south  direction,  parallel  to  the  lower 
tier  of  rods. 

Special  attention  was  devoted  to  studying  the  formation  and 
development  of  the  cracks  of  footing  ilo.  1817.      The  first  cracks 
on  the  north  face  appeared  over  the  fourth  rod  from  the  west  side 
when  the  load  reached  121000  Ih.      As  the  load  was  increased,  this 


78. 


orack  widened  and  extended  gradually,  and  the  rod  slipped  "before 
any  of  the  others,  although  there  were  oracks  over  several  of  the 
rods  on  the  west  and  east  faces.      When  the  load  reached  178000  lb. 
it  was  released  in  order  to  see  whether  the  main  crack  on  the  north 
face  ';-'Ould  close  up.        Since  it  appeared  as  wide  as  ever  under  a 
very  light  load,  the  footing  was  again  re-loaded  to  178000  lb., 
when  it  looked  as  if      failure  was  imminent.      The  footing  was 
removed  from  the  machine  in  order  to  study  the  cracks  on  the  under 
side.        Fig.  14   is  a  photograph  showing  the  general  direction  of 
these  cracks.        It  will  he  observed  that  the  main  crack  is  the  one 
extending  in  a  north-south  direction  over  a  rod.      The  cracks 
running  in  the  east-west  direction  appeared  later  than  the  main 
north-south  crack,  but  most  of  these  appeared  on  the  faces  over 
rods. 

While  it  is  almost  impossible  to  account  for  these  phenomena 
in  a  definite  manner,  the  supposition  is  that  the  main  crack  de- 
veloped at  first  as  an  ordinary  tension  crack,  and  as  it  v/as 
directly  over  a  rod  and  extended  across  the  bottom  of  the  footing, 
it  caused  the  rod  to  lose  its  hold  on  the  concrete.      The  conse- 
quent slipping  threv;  some  of  the  stress  carried  by  that  rod  into 
the  other  rods  which  paralleled  it.      This  increase  of  stress  in 
the  other  rods  was  conducive  to  the  formation  of  cracks  on  the 
west  face  which  also  aj?i)eared  over  rods  and  destroyed  their  bond 
to  the  concrete. 

Unreinforced  Footings. 

The  tv;o  footings  ITo.  1801  and  1802,  which  were  unreinforced, 
failed  suddenly  at  comparatively  low  loads.      A  comparison  of  the 


modulus  of  rupture  as  obtained  "by  the  oontrol  "beam,  and  "by  the 
calculations  from  the  result  of  the  test  (See  Table  9),  shows 
that  they  are  fairly  consistent  v/ith  each  other,  considering  the 
difference  in  age  of  the  beams  and  footings.      The  failure  of 
these  footings  was  rather  sudden  and  the  position  of  the  cracks 
seem  to  indicate  that  the  critical  section  is  somewhat  back  of  the 
face  of  the  pier. 
Summary. 

One  of  the  noticeable  features  of  the  tests  is  the  uniformity 
of  the  results  obtained.      An  inspection  of  Table  8  will  reveal 
the  fact  that  in  nearly  every  case  the  manner  of  failure  was  con- 
sistent with  the  calculated  stresses,  and  the  conclusion  is  made 
that  the  assumptions  on  which  these  calculations  were  based  are 
not  radically  wrong. 

In  view  of  this,  the  writers  feel  justified  in  pointing  out 
the  following  conclusions  which  are  indicated  by  the  phenomena 
and  results  of  the  tests.      Of  course  these  are  subject  to  con- 
firmation in  future  investigations,  but  it  is  felt  that  they  are 
nearly  correct  and  that  they  may  be  used  with  safety  in  the  design 
of  a  square  concrete  column  footing. 

(l]     There  is  every  indication  that  the  critical  section  is 
nearly  coincident  with  the  plane  of  the  face  of  the  pier.  It 
will  be  observed  that  most  of  the  cracks  at  rupture  were  in  line 
with  the  faces  of  the  pier. 

{2]     The  previous  series  of  tests  brought  out  the  fact  that 
the  best  ratio  of  length  of  side  to  effective  depth  is  6  to  1, 
which  was  the  ratio  used  in  the  present  series. 
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iZt    The  value  of  the  "bending  moment  used  in  the  oaloulations 
of  the  present  series  gave  results  that  would  "be  expected,  oon- 
sidering  the  manner  of  failure  and  the  amount  of  steel  used.  The 
writers  feel  certain  that  it  is  not  far  from  correct  and  that  the 
general  formula  given  in  the  theory  may  "be  safely  used  in  desigja.. 

(4l     The  lasts  of  this  series,  as  well  as  those  of  the  two 
series  preceding,  indicate  that  the  center     rods  receive  ahout 
twice  as  much  stress  as  those  at  the  edges.      Hence  in  design  it 
is  not  safe  to  consider  that  all  of  the  rods  can  develop  a  re- 
sisting moment  equal  to  that  of  a  simple  cantilever  heam  of  the 
same  width. 

(5)     The  width  of  the  footing  to  he  considered  effective  is 
48  inches  for  footings  five  feet  square  and  10  inches  deep  to  the 
center  of  the  steel.      That  is  to  say,  that  only  QOfo  of  the  rods 
can  he  considered  as  capahle  of  developing  the  maximum  stress 
allowed. 

(6]     There  is  no  economy  in  placing  the  steel  in  three  or 
four  directions,  as  was  demonstrated  by  the  tests  made  in  1909  and 
1910. 

(7l    The  corrugated  hars,  as  far  as  could  he  judged  from  the 
present  series,  sustained  a  higher  load,  in  proportion  to  the  steel 
used,  than  did  the  plain  ones.      Since  they  cost  more,  there  is 
some  question  as  to  whether  they  are  more  economical  in  the  end. 


